MarR family proteins constitute a group of >12 000 transcriptional regulators encoded in bacterial and archaeal genomes that control gene expression in metabolism, stress responses, virulence and multidrug resistance. There is much interest in defining the molecular mechanism by which ligand binding attenuates the DNA-binding activities of these proteins. Here, we describe how PcaV, a MarR family regulator in Streptomyces coelicolor, controls transcription of genes encoding b-ketoadipate pathway enzymes through its interaction with the pathway substrate, protocatechuate. This transcriptional repressor is the only MarR protein known to regulate this essential pathway for aromatic catabolism. In in vitro assays, protocatechuate and other phenolic compounds disrupt the PcaV-DNA complex. We show that PcaV binds protocatechuate in a 1:1 stoichiometry with the highest affinity of any MarR family member. Moreover, we report structures of PcaV in its apo form and in complex with protocatechuate. We identify an arginine residue that is critical for ligand coordination and demonstrate that it is also required for binding DNA. We propose that interaction of ligand with this arginine residue dictates conformational changes that modulate DNA binding. Our results provide new insights into the molecular mechanism by which ligands attenuate DNA binding in this large family of transcription factors.
INTRODUCTION
Microorganisms exhibit unparalleled capabilities for the consumption of naturally occurring and man-made sources of carbon. Their impressive ability to consume inert aromatic compounds is critical for environmental carbon cycling and has major implications for bioremediation, alternative energy and sustainable production of chemical feedstocks (1) . Much of the microbial catabolism of aromatic compounds is related to lignin, a highly abundant polymer that is one of the components of plant biomass (2, 3) . A central pathway for the consumption of the lignin-derived aromatic compounds is the b-ketoadipate pathway. In this pathway, protocatechuate (3,4- dihydroxybenzoate; referred to hereafter as PCA) and catechol are converted into the eponymous b-ketoadipate and, ultimately, acetyl-coenzyme and succinyl-coenzyme A (4) . The fact that these products can be converted anabolically into triglyceride precursors of biodiesel or into high-value compounds like polyketide antibiotics has motivated much renewed interest in this pathway (5) .
In addition to being a prototype for the catabolism of lignin-derived aromatic compounds, the b-ketoadipate pathway has been a model system for studies of how microorganisms regulate the catabolism of aromatic compounds at the genetic level (4, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The theme that has emerged from the investigations by multiple groups is that genes encoding enzymes of the pathway are regulated by either LysR or IclR family transcription factors (4, 16) . Mostly, these transcription factors mediate environmental surveillance as receptors for aromatic ligands that modulate their DNA-binding ability. Our recent studies of aromatic catabolism in Streptomyces bacteria resulted in the discovery of a MarR family transcription factor called PcaV that regulates genes encoding enzymes of the PCA branch of the b-ketoadipate pathway (14) . Beyond its regulation of a central pathway for aromatic catabolism, PcaV is of interest because it is the only known member of the MarR family that regulates the b-ketoadipate pathway.
The MarR family of transcription factors is a large group of proteins encoded by >12 000 genes in the publicly available genomes of bacteria and archaea. While these proteins can be either transcriptional repressors or activators, they have been ascribed roles in controlling the expression of genes underlying catabolic pathways, stress responses, virulence and multi-drug resistance (17) (18) (19) (20) (21) . To date, the physiological roles of $100 of these proteins have been characterized in detail (22) . While a subset of MarR family members regulate adaptive responses to oxidative stress through the formation of disulfide bonds that influence DNA binding (23) (24) (25) (26) (27) , the majority of these proteins regulate gene expression through ligand-mediated attenuation of DNA binding. Our understanding of the molecular mechanism of regulation by ligand-responsive MarR family proteins is limited because the identity of the ligand is often unknown (22, 28) . Further, in most cases wherein structures of MarR family members in complex with ligands have been reported, the ligand's physiological role cannot be easily connected to the functions of the regulated genes (22, 29) . As MarR family members play important roles in antibiotic resistance, virulence and catabolism, studies of their molecular mechanisms have implications for medicine and biotechnology.
Our discovery that PCA regulates the PcaV-dependent transcriptional activation of the corresponding structural genes in Streptomyces coelicolor provided a unique opportunity to study how a MarR family transcription factor responds to its natural ligand. Bioinformatics, electrophoretic mobility shift assays (EMSAs), mutagenesis, isothermal calorimetry (ITC) and in vivo transcription assays were used to elucidate the regulatory mechanism of PcaV. Further, we report the crystal structures of apo-PcaV and PcaV bound to its ligand PCA. Our findings are particularly noteworthy because they provide a contrast to the few crystal structures of MarR family members bound to ligands whose identities cannot be connected to the functions of the genes that they regulate and, as a consequence, new insights into the molecular basis of the transcriptional regulation of MarR proteins by their native ligands.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The bacterial strains and plasmids used in this study are listed in Supplementary Table S1 . Escherichia coli strains were grown in Luria-Bertani medium at 37 C, unless noted otherwise. Streptomyces strains were grown on mannitol soya flour medium, on Difco nutrient agar medium and in minimal liquid medium (NMMP) (30) at 30 C. Streptomyces were grown in NMMP for RNA isolations. For selection of E. coli, ampicillin (100 mg/ml), kanamycin (50 mg/ml) and hygromycin (75 mg/ml) were used. In conjugations with S. coelicolor, nalidixic acid (20 mg/ml) was used to counterselect E. coli.
Mapping of transcriptional start site of pcaI
Wild-type (WT) S. coelicolor M600 was grown in NMMP for 14 h (mid-exponential phase), after which PCA was added at final concentration of 2 mM. After 1 h of induction, 1 ml of cells was pelleted and washed once with 10.3% (w/v) sucrose solution followed by the addition of 100 ml of 10 mg/ml lysozyme solution (50 mM Tris-HCl, 1 mM EDTA, pH 8.0). The cells were incubated at 37 C for 15 min. Total RNA was isolated using the Qiagen RNeasy Mini Kit following the manufacturer's protocol and quantified using a Nanodrop ND-1000 spectrophotometer. Using Invitrogen's 5 0 RACE System for Rapid Amplification of cDNA Ends kit, the first-strand cDNA synthesis was performed using 20 pmol of primer pcaI GSP1 and 2000 ng of RNA template according to the manufacturer's protocol for high GC-content transcripts. After cDNA synthesis, the reaction mixture was treated with an RNase Mix to remove template RNA and purified using the S.N.A.P. column procedure. An oligo-dC tail was added to the purified cDNA using the TdT-tailing reaction. Amplification of dC-tailed cDNA was accomplished using a 5 ml aliquot of the preceding reaction as template, the primers pcaI GSP2 and abridged Anchor primer (provided by manufacturer) and Taq DNA polymerase. The resulting polymerase chain reaction (PCR) product was used in a second PCR reaction using the primers pcaI GSP3 and abridged universal amplification primer (provided by the manufacturer). The first and second PCR products were ligated into the pGEM-T easy vector and transformed into the E. coli strain DH5a to yield pJS361 and pJS362. DNA sequencing of cloned inserts was performed by Davis Sequencing (Davis, CA).
Bioinformatic analysis of intergenic regions
Regulatory motifs were predicted using the Gibbs Motif Sampler (31) . The Gibbs recursive sampler with prokaryotic default settings was used. Intergenic sequences between the pcaV gene and pcaI/pcaH genes in various Streptomyces species were compiled using Integrated Microbial Genomes provided by the Joint Genome Institute (32) . ClustalW2 was used for sequence alignments, and WebLogo (33) was used to generate sequence logos.
Expression and purification
The pcaV gene (SCO6704) was PCR-amplified from S. coelicolor cosmid St4C6 and ligated into pBluescript KS+ to yield pJS363. The fragment containing the pcaV gene was excised and ligated into the vector pET28a-c(+) (Novagen) using the restriction sites NdeI and HindIII to yield pJS364. pJS364 was transformed into E. coli BL21 (DE3) Gold cells (Stratagene). Large-scale cultures were grown to an OD 600 between 0.6 and 0.8, and then pcaV expression was induced upon the addition of IPTG at a final concentration of 0.5 mM and allowed to proceed for at 18 C for 18 h. Cells were resuspended in lysis buffer (50 mM Tris-HCl, 5 mM imidazole, 500 mM NaCl and 0.1% Triton X-100), subjected to high-pressure homogenization (Avestin) and centrifuged to remove cell debris. The cell lysate was loaded onto a HisTrap HP Ni 2+ -affinity column (GE Healthcare) and eluted using an imidazole gradient of 5-500 mM. Fractions containing PcaV were collected and dialyzed overnight against 50 mM Tris, 500 mM NaCl, pH 7.5 at 4 C in the presence of thrombin for the cleavage of the N-terminal His 6 tag. A second Ni 2+ -affinity purification was used to remove the His 6 tag. Finally, dimeric PcaV was isolated using a Superdex 75 26/60 (GE Healthcare) size-exclusion chromatography column. The final purified protein was concentrated using centrifugation and stored in 10 mM Tris, 250 mM NaCl, pH 7.5, at À80 C.
Site-directed mutagenesis of PcaV
Single amino acid substitutions in PcaV were accomplished using the QuikChange Site-Directed Mutagenesis kit (Stratagene). Primers PcaV R15A For and PcaV R15A Rev were used to generate pJS365 from pJS363. The mutagenized gene was subcloned into pET28a-c(+) to generate pJS366. Primers PcaV R15K For and PcaV R15K Rev were used to generate pJS367 from pJS364. The resulting constructs were confirmed through sequencing (Davis Sequencing) before expression. The PcaV R15A and PcaV R15K mutants were expressed and purified using the same procedure as WT PcaV, with the exception that PcaV R15A was stored in 10 mM Tris, 500 mM NaCl, pH 7.5.
Agarose EMSAs
The DNA probes were amplified by PCR using Pfu polymerase and the primers listed in Supplementary  Table S2 . Cosmid DNA was used to amplify probes for S. coelicolor and Streptomyces scabies, whereas genomic DNA was used for amplification of the Streptomyces avermitilis probe. The PCR program used for amplification was 94 C for 2 min, 20 cycles of 94 C for 30 s, 60 C for 30 s and 72 C for 30 s, followed by an elongation time of 10 min at 72 C. PCR products were purified using Qiagen's PCR Purification Kit following the manufacturer's protocol. DNA concentration was determined using a Nanodrop ND-1000 spectrophotometer. Binding of PcaV to DNA fragments was performed in 20 ml reactions containing 50 mM Tris-HCl, 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 10% (v/v) glycerol, 0.1 mg poly(dI-dC), 1 mM dithiothreitol (DTT). Each reaction contained 20 nM DNA and between 65 and 780 nM PcaV. The effect of aromatic compounds on the binding of PcaV to DNA was determined by adding the compounds to the pre-formed PcaV-DNA reaction mixture. All compounds were dissolved in dimethyl sulfoxide (DMSO). Reactions were incubated at 30 C for 15 min, loaded onto a 2% agarose gel and run in tris-borate EDTA (TBE) buffer at 50 V for 2 h. Gels were subsequently stained in ethidium bromide for visualization of DNA. EMSA reactions with PcaV R15A and PcaV R15K were performed using the same procedure as described for WT PcaV.
Quantitative EMSAs
To generate 100-bp DNA probes, 5 0 biotin-labeled primers were purchased from Integrated DNA Technologies and used in PCR reactions with Pfu polymerase to generate biotin-labeled EMSA probes. The PCR program used for amplification was 94 C for 2 min, 20 cycles of 94 C for 30 s, 60 C for 30 s and 72 C for 30 s, followed by an elongation time of 10 min at 72 C. Labeled PCR products were purified using Qiagen's PCR Purification Kit. DNA concentrations were determined using a Nanodrop ND-1000 spectrophotometer. For 30-bp DNA probes, complementary 3 0 biotin-labeled oligonucleotides containing operator sites were mixed in equimolar amounts in 10 mM Tris, 50 mM NaCl and 1 mM EDTA, pH 7.5, and annealed by heating to 95 C for 5 min and decreasing 1 C min À1 . The Lightshift Chemilumenscent EMSA kit (Pierce) was used to prepare binding reactions. Each reaction contained either 50 fmol (PCR-amplified probes) or 100 fmol (30-bp annealed probes) of labeled DNA and varying concentrations of PcaV (purified immediately before use). Reactions were incubated at room temperature for 20 min and loaded onto a 6% DNA retardation gel (Invitrogen). Electrophoresis was accomplished at 100 V in TBE buffer for 85 min at 4 C. DNA was transferred to a nylon membrane at 395 mA for 40 min and UV cross-linked at 302 nm for 15 min. Membranes were subsequently developed using the Lightshift Chemiluminescent EMSA kit according to the manufacturer's protocol. Signals were detected using a Typhoon 9410 imager. Experiments were performed in triplicate. Band volumes were quantified using ImageQuant TL software, and Sigmaplot 8.0 was used to calculate dissociation constants.
Isothermal titration calorimetry
The binding of aromatic ligands to PcaV was observed using a MicroCal VP-ITC titration calorimeter. Ligand solutions were prepared in protein buffer, and the pH was adjusted to a final value of 7.5. The final concentrations of ligands were as follows: PCA (140 mM), 3,5-dihydroxybenzoate (300 mM), 3-hydroxybenzoate (350 mM), 4-hydroxybenzoate (1.5 mM) and 2,5-dihydroxybenzoate (1.5 mM). The 4-hydroxybenzoate and 2,5-dihydroxybenzoate molecules are low-affinity ligands, and thus these experiments were performed using the criteria established by Turnbull and Daranas for the analysis of low-affinity systems using ITC (34), namely, that there was a high molar ratio of ligand versus protein at the end of the titration, that the concentrations were accurately known, that there was adequate signal-to-noise and that the stoichiometry (1:1) was known. Both the ligand and protein solution were thoroughly degassed to remove air bubbles. A 15 mM solution of PcaV was loaded into the sample cell, while the injection syringe was loaded with the ligand solution. Titration reactions were performed with 28 injections, all 10 ml in volume, with constant stirring at 394 rpm at 25 C. The experiments with PcaV R15A and PcaV R15K were performed using the same procedure, with the exception that 1.5 mM PCA was used. Each experiment was done in duplicate or triplicate. Data were analyzed using Origin version 7 software (Microcal) to calculate dissociation constants.
PcaV crystallization
WT PcaV
Purified PcaV (10 mg/ml) was subjected to coarse grid crystallization screens using sitting-drop vapor diffusion. Crystals grew at 4 C in 0.2 M ammonium chloride and 20% w/v polyethylene glycol (PEG) 3350 in a drop containing 4 ml protein and 2 ml crystallization condition. Crystals were cryoprotected by a short soak in mother liquor supplemented with 25% glycerol and then frozen by direct transfer to liquid nitrogen.
PcaV-PCA complex A solution containing PcaV (10 mg/ml) and a 10-fold molar excess of PCA (solubilized in protein buffer) was incubated at room temperature for 30 min, followed by brief centrifugation to remove any precipitation and immediately used in crystallization trials. Crystals grew in 0.2 M lithium acetate and 20% w/v PEG 3350 using sitting-drop vapor diffusion at 4 C in a drop containing 0.2 ml protein and 0.4 ml crystallization condition. The crystal was cryoprotected by transfer to mother liquor supplemented with 20% glycerol and then frozen directly in liquid nitrogen.
Data collection and structure refinement
PcaV-PCA Data were collected at NSLS beamline X25 at 100 K and 0.9795 Å with the ADSC Q315 CCD detector. Data were indexed and scaled using HKL2000 (35) in space group P2 1 2 1 2 1 . The Fold and Function Assignment Server (FFAS) (36) identified a putative transcriptional regulator from Pseudomonas aeruginosa (À54.4 score, 29% sequence identity, PDB ID 2NNN) as a homologous structure that served as a molecular replacement (MR) search model. The initial MR search model was generated using a poly-Ala model (all side chains truncated at Cb) of a single monomer. Molecular replacement was performed with AutoMR in Phenix (37) by searching for two copies of the search model, followed by Phenix AutoBuild using the model and map coefficients from AutoMR along with the PcaV sequence. MR yielded a single solution in P2 1 2 1 2 1 , and after AutoBuild, the model included 253 of 314 residues with an R/R free of 0.26/0.3. After an initial round of refinement, there was clear positive density (>5s) corresponding to the PCA ligand. The PCA structure was downloaded from PDB ligand expo (PDB code DHB) and the refinement restraint parameters generated using Phenix Elbow. The PcaV-PCA model was improved through successive rounds of model building in Coot (38) , followed by refinement with Phenix. A final refinement was performed using TLS groups determined by the TLSMD server (39) . The final model contains 283 residues (residues 1-141 for each PcaV monomer plus one residue from the N-terminal expression tag) and two PCA molecules.
WT PcaV
Data were collected at NSLS beamline X25 at 100K and 1.1 Å using the Pilatus 6 M CCD detector. Diffraction data were indexed and scaled using HKL2000 (35) in space group I4 1 22 . Based on unit cell parameters, the calculated Matthew's coefficient was 3.78 A 3 /Da, which corresponds to one molecule per asymmetric unit. The initial model was obtained by molecular replacement using the PcaV-PCA structure as a search model. The final WT PcaV model was produced through iterative rounds of model building in Coot (38) and structure refinement in Phenix (37) and contains one PcaV molecule (residues 8-143). The second molecule of the PcaV dimer is related to the first molecule through a perfect crystallographic two-fold symmetry axis. All figures were generated using Pymol (Schro¨dinger, LLC). A summary of the crystallographic data collection and refinement statistics is presented in Table 1 . The structure factors and coordinates for WT PcaV and PcaV-PCA complex have been deposited with the Protein Data Bank with accession numbers 4G9Y and 4FHT, respectively.
Construction of Streptomyces mutant strains
The WT pcaV, pcaV R15A and pcaV R15K genes were cloned into the integrative constitutive expression vector pIJ10257 (40) , yielding pJS368, pJS369 and pJS370, respectively. The resulting plasmids were transformed into ET12567/pUZ8002 (41), a non-methylating strain of E. coli, and introduced into the S. coelicolor DpcaV::apr (B760) strain through conjugation. Exconjugants containing pJS368, pJS369 or pJS370 were selected for by hygromycin resistance, yielding S. coelicolor B792, B793 and B794 strains, respectively.
Transcriptional analysis of pcaV mutant strains
Shaken liquid cultures of WT S. coelicolor, the pcaV null strain and pcaV null strains expressing genes encoding PcaV, PcaV R15A or PcaV R15K were grown for 16 h, after which RNA was isolated and quantified as previously discussed. The pcaV null strain expressing PcaV R15K was also grown in the presence of 2 mM PCA for 1 h before RNA was isolated at 16 h. Reverse transcriptase polymerase chain reactions (RT-PCR) were accomplished using the OneStep RT-PCR Kit (Qiagen) following the manufacturer's protocol. A 314-bp cDNA corresponding to the pcaH (SCO6700) transcript and a 486-bp cDNA corresponding to the hrdB (SCO5820) transcript were detected using the pcaH RT-PCR and hrdB RT-PCR primers, respectively. All primer sequences are listed in Supplementary Table S2 . The PCR program used for detection of transcripts was 50 C for 30 min, 95 C for 15 min, 30 cycles of 94 C for 30 s, 58 C for 30 s and 72 C for 60 s, followed by an elongation time of 10 min at 72 C. PCR products were detected on a 1% agarose gel stained with ethidium bromide. Pfu polymerase was used to confirm the absence of contaminating DNA in RNA samples using the same cycling conditions.
RESULTS AND DISCUSSION
PcaV binds two operator sites in the pcaV-pcaI intergenic region
We previously reported that transcription of the pca structural genes in WT S. coelicolor is induced by PCA and de-repressed in a pcaV null strain (14) . The latter observation shows that the pcaV gene product is a transcriptional repressor. By analogy to other repressors in the MarR family, we hypothesized that the molecular mechanism of transcriptional regulation would involve the binding of PcaV to a palindromic sequence near the transcription start site of the pca operon. To test this model, we used 5 0 rapid amplification of cDNA ends (5 0 -RACE) analysis to map the transcription initiation of the pca operon to a site 69 bp upstream of the translational start site of pcaI (the first gene in the operon) ( Figure 1A ). Subsequently, using the Gibbs motif sampler (31) to search for palindromic sequences in the vicinity of the transcription start site, we identified two different 20-bp sites containing inverted repeat sequences in the pcaV-pcaI intergenic region ( Figure 1A) . We named the inverted repeat sequence that is proximal to the pcaI translational start site O I , which is 10 bp downstream of the transcriptional start site of pcaI, and the sequence closest to pcaV O V , which is 20 bp upstream of the pcaV translation start site. The two putative operators have different sequences but share some homology ( Figure 1A) . The O I site contains perfect inverted repeat sequences that are separated by 4 bp (TCAGxxxxCTGA). In contrast, the putative operator of pcaV has an imperfect inverted repeat sequence (TCAGTGxxCxxA). Both Gibbs motif sampler analyses and sequence alignments of the intergenic regions revealed that both inverted repeat sequences are conserved in the pca loci of multiple Streptomyces species ( Figure 1B) . Interestingly, the sequences are conserved even in S. scabies, where the pcaIJF genes are missing from the operon and the pcaV gene is divergently transcribed from pcaH.
To prove that PcaV binds DNA, purified PcaV was used in EMSAs containing a 209-bp PCR product spanning the entire pcaV-pcaI intergenic region in S. coelicolor. Titration with increasing quantities of PcaV resulted in a shift in the migration of the DNA probe ( Figure 1C ). Consistent with the sequence conservation of pca loci among streptomycetes, we found that the S. coelicolor PcaV also bound DNA probes spanning the pcaV-pcaI and the pcaV-pcaH intergenic regions of S. avermitilis and S. scabiei, respectively (Supplementary Figure S1A ). Further, we observed two sets of shifted protein-DNA complexes in the EMSAs, which is consistent with our identification of two pseudopalindromic sites in the intergenic region. To evaluate the binding of PcaV to each of the pseudopalindromic sites, we PCR-amplified 100-bp biotinylated DNA probes containing either 20-bp site and used them in quantitative EMSAs with PcaV ( Figure 1D ). PcaV bound to each of the probes and only one shifted species was observed in each case, demonstrating that both operator sequences are bona fide PcaV-binding sites. From these experiments, we also calculated dissociation constants (K d ) of 4.6 ± 0.2 nM and 11.9 ± 1.4 nM for the O I and O V sites, respectively. These apparent K d values are typical of other MarR family members and are consistent with a repressive model for transcriptional regulation (19, 42, 43) . These data also show that PcaV binds the perfect palindrome, O I , more tightly than the imperfect palindrome, O V . To further demonstrate the binding specificity of PcaV to the operator sites, similar results were obtained using 30-bp biotinylated DNA probes containing either O I or O V (Supplementary Figure S1B ). Thus, these results suggest that PcaV represses the transcription of not only the pca structural genes but also pcaV itself, consistent with the observation that more than half of the characterized MarR homologues regulate their own transcription (29) .
PCA, the physiologically relevant ligand of PcaV, disrupts the PcaV-DNA complex
The fact that PCA is an inducer of the pca structural genes is significant because its catabolism is catalyzed by the pca gene products. As MarR family members typically regulate transcription through ligand-mediated attenuation of DNA binding (22) , we predicted that PCA would reduce the affinity of PcaV for the operators (O I and O V ) in the pcaV-pcaI intergenic region. Titration of pre-formed PcaV-DNA complexes with increasing amounts of PCA induced dissociation of PcaV from the pcaV-pcaI intergenic DNA in EMSAs ( Figure 1E ). The PCA-promoted dissociation of the PcaV-DNA complex is one of a few known examples in which the capacity of a MarR family member to regulate a catabolic pathway is mediated by direct association with a substrate of the pathway (20, (44) (45) (46) . Then, we used ITC to determine the PcaV-PCA stoichiometry and the affinity of PcaV for PCA (Figure 2A and Supplementary Figure S2A ). The stoichiometry of the complex is 1:1 (monomer:ligand), and the calculated dissociation constant was 668 ± 2.6 nM (Table 2) , reflecting one of the highest affinities ever reported for a MarR-ligand interaction (29) . Together, these observations show that the transcription of the pca catabolic genes is induced by the cognate substrate (PCA) of the encoded enzymes.
Phenolic compounds differentially bind PcaV and affect its ability to bind DNA
MarR family members exhibit promiscuity in ligand binding (17, 20, 21, 29, (45) (46) (47) (48) (49) (50) (51) (52) (53) . For example, the ligands of EmrR, a MarR family member that regulates expression of a multi-drug resistance pump in E. coli, are certain antibiotics, protonophores, 2,4-dinitrophenol and salicylate (21, 50) . While the PcaV-mediated transcriptional response of S. coelicolor to PCA can be explained by its Figure S3A) .
Likewise, we found that catechol, vanillate and benzoate did not affect stability of the PcaV-DNA complex, as evidenced by the absence of free DNA in the titration EMSAs (Supplementary Figure S3A) . Similar results were obtained for two of the six hydroxylated benzoates (2,3-dihydroxybenzoate and 2,4-dihydroxybenzoate, Supplementary Figure S3A ). Unexpectedly, despite the fact that salicylate is a phenolic ligand of many characterized MarR family members (17,43,54-56), addition of up to 10 mM salicylate was also unable to disrupt the PcaV-DNA complex ( Figure 2B) . In contrast, certain phenolic compounds, including 3,5-dihydroxybenzoate (3,5-DHB), 3-hydroxybenzoate (3-HB), 4-hydroxybenzoate (4-HB) and 2,5-dihydroxybenzoate (2,5-DHB), promoted the dissociation of PcaV from its cognate DNA ( Figure 2B) . The in vitro observations were corroborated by RT-PCR analyses, wherein transcripts of pca structural genes were detected in S. coelicolor cultures grown in media supplemented with 2 mM of the phenolic compounds (Supplementary Figure S3B ). This demonstrates that PcaV, like other MarR proteins, can bind multiple structurally related ligands (20, 29, 45, 46, 48, 49, 52) . Subsequently, we used ITC to determine the affinities of the ligands for PcaV. While PcaV bound PCA most tightly, it bound the other phenolic compounds with either low micromolar dissociation constants (3,5-DHB, 3-HB) or high micromolar dissociation constants (4-HB, 2,5-DHB; Table 2 and Supplementary Figure S2 ). The preference of PcaV for PCA is consistent with the fact that the ligand is catabolized by the products of genes whose expression is regulated by PcaV.
The structure of the PcaV-PCA complex is the first of a MarR family member bound to a substrate for catabolism Several structures of MarR family members bound to ligands have been reported (17, 54, 55) . With the exception of structures of TcaR in complex with different antibiotics (17) , all reported structures have salicylate bound as ligand. Arguably, there are reasons to question the biological relevance of salicylate-bound structures (22) . First, the number and location of salicylate-binding sites varies significantly between MarR family members. Second, many MarR proteins display a low affinity for salicylate, with reported dissociation constants in the millimolar range (i.e., as much as 1000-fold higher than the K d for the PcaV-PCA interaction) (47, 48, 51, 55) . The fact that PCA is the physiologically relevant ligand of PcaV and binds with high affinity motivated structural studies. Accordingly, we determined the crystal structures of apo-PcaV and the PcaV-PCA complex to 2.05 Å and 2.15 Å resolution, respectively (Table 1) .
PcaV is a dimer that adopts the canonical fold characteristic of the MarR family of transcriptional regulators (a1-a2-b1-a3-a4-b2-W1-b3-a5-a6 topology, Supplementary Figure S4A ; the PcaV secondary structural assignment is provided in Supplementary Table S3 ). Helices a1, a5 and a6 from each monomer form the dimerization interface, burying $4913 Å 2 of solvent accessible surface area, in an interaction that is largely hydrophobic. Extending away from the dimerization interface is the winged helix-turn-helix (wHTH) motif, where helix a4 and the loop between b-strands b2 and b3 (W1) form the DNA interaction surface. Apo-PcaV is a crystallographic dimer (Supplementary Figure S4A ), whereas PcaV bound to PCA is a non-crystallographic dimer ( Figure 2C ).
As deduced from our ITC studies, PCA binds PcaV in a 1:1 ratio. The two molecules of PCA bind PcaV in two deep symmetry-related pockets at the dimerization interface, where each ligand interacts with residues from both monomers ( Figure 2C and Supplementary Figure  S4B -C). The PCA binding pocket includes His21 A , Trp25 A , Ser35 A , Tyr38 A , Ala39 A , Ile110 A , Met113 A and Asn114 A from monomer A and Leu6 B , His9 B , Gly11 B , His12 B , and Arg15 B from monomer B ( Figure 2D ). The most prominent protein-ligand interaction is a bidentate salt bridge between the guanadinium group of Arg15 B in helix a1 and the carboxylate moiety of PCA. Additional polar interactions include hydrogen bonds between the PCA 4-hydroxyl and His9 B and the PCA 3-hydroxyl and His21 A . Finally, residue Asn114 A positions a water molecule that also interacts with both the 3-hydroxyl and 4-hydroxyl of PCA. The remaining residues interact with PCA through hydrophobic contacts. As a consequence, the PCA molecule is completely occluded from solvent in the PcaV-PCA complex and is also wellordered, with an average B-factor of 21.7 Å 2 . Although the PcaV monomers in the PcaV-PCA complex are not identical (Supplementary Figure S4D , there are small differences in the W1 loops of each monomer), equivalent interactions are observed for the second PCA ligand, and it is also well-ordered, with an average B-factor of 21.6 Å 2 .
With respect to ligand binding, the structures of other MarR family members in complex with salicylate have been more difficult to interpret than the PcaV-PCA structure. In those structures, multiple molecules of salicylate are bound to the dimer at both symmetry and nonsymmetry related sites (17, 55, 56) . Comparison of the PcaV-PCA complex with the SlyA-salicylate and MTH313-salicylate complexes revealed that one of the salicylates from both complexes binds in a pocket similar to the PCA-binding pocket in PcaV (Supplementary Figure S4E ). In addition to interacting with multiple hydrophobic residues from both monomers, the carboxylate moieties of the bound salicylates are also coordinated by an Arg residue from helix a1. The similar ligand-binding environment at this pocket suggests that these proteins have evolved the ability to coordinate distinct anionic phenolic ligands.
Structure of the PcaV-PCA complex explains the ligand specificity of PcaV
The structure of the PcaV-PCA complex enabled us to rationalize the differential affinities of PcaV for the various phenolic compounds (Figure 2E and Supplementary Figure S2 ). Like PCA, the phenolic compounds that interact strongly with PcaV have a 3-hydroxyl group (substituted at the meta position) that forms a hydrogen bond with His21. In contrast, derivatives without a hydroxyl group in this position cannot form a hydrogen bond with this residue and therefore interact more weakly with PcaV. Moreover, the presence of a second hydroxyl substituent at either the 4-position (PCA) or 5-position (3,5-DHB), both of which result in an additional hydrogen bond with His9, increases the binding affinity by 8.8-and 1.4-fold, respectively. Finally, the presence of a second hydroxyl substituent at the 2-position (substituted at the ortho position) significantly reduces the affinity by > 200-fold (2,5-DHB) or abolishes binding altogether (2,4-DHB and 2,3-DHB, Supplementary Figure S3A ), suggesting that there may be a conformational rearrangement of the ligand-binding pocket in the presence of compounds containing hydroxyl groups at the 2-position. Collectively, these structure-based models and biochemical data show that PcaV exhibits ligand specificity based primarily by hydrogen bonding with the hydroxyl groups of the phenolic compounds, where the meta substitution is a positive determinant of ligand binding and the ortho substitution is a negative determinant. The only compound with a 2-hydroxyl group that bound PcaV (2,5-DHB) did so due to the presence of a favorable meta-hydroxyl substituent. PcaV exhibits a high degree of selectivity for ligand binding to regulate gene transcription.
PCA stabilizes a conformation of PcaV incompatible with DNA binding
To understand how ligand binding alters the PcaV conformation, we compared the apo and ligand-bound PcaV structures (Figure 3 and Supplementary Figure S5 ). Using the sieve_fit algorithm (57), we first identified the residues in the dimerization domain that are structurally conserved between the apo-and ligand-bound states. This dimerization 'core' is composed of residues Leu13-Gln19 and Gln115-Arg134 from both monomers, which superimpose with a root mean square deviation (RMSD) of 0.43 Å (Supplementary Figure S5B) . The presence of a dimerization core shows that this interface is structurally conserved between the apo-and ligand-bound states. Similar comparisons of the wHTH domains from both structures revealed that they also form a rigid body, with the wHTH core composed of residues Val29-Arg83 and Ser91-Ala111 (wHTH cores superimpose with RMSDs of $0.4 Å ; Supplementary Figure S5B ).
Superposition of the apo-PcaV and PcaV-PCA complexes through the dimerization core reveals that ligand binding induces a significant conformational change in PcaV ( Figure 3A) . Specifically, PCA binding causes the wHTH domains to rotate up towards the dimerization interface by nearly 15 (Figure 3B ). This interaction is stabilized by Arg15, which interacts not only with the bound PCA ligand but also forms two hydrogen bonds with the backbone carbonyls of wHTH residues Val59 and Gly60 ( Figure 3C ). The position of the wHTH domain is further stabilized by the N-terminal residues of PcaV, which are disordered in the apo state but become ordered in the presence of PCA. The rotation of the wHTH domain and the ordering of the N-terminal region of PcaV form a buried binding pocket for PCA, over which the N-terminal residues form a 'lid' ( Figure 3D ). Remarkably, residues of the apo structure move by >5 Å to form the ligand-binding pocket.
Arg15 is a determinant for both ligand and DNA binding
In the PcaV-PCA complex, Arg15 forms the base of the ligand-binding pocket and neutralizes the buried negative charge of the PCA ligand. To determine the functional importance of Arg15 in ligand binding, we used site-directed mutagenesis of pcaV to generate a protein in which this residue was substituted with either a similarly charged lysine (PcaV R15K) or an alanine (PcaV R15A). We verified that these substitutions did not affect the fold or stability of PcaV ( Supplementary Figure S6A and B) and then tested their abilities to bind PCA using ITC ( Figure 4A and Supplementary Figure S6C ). We found that neither PcaV R15A nor PcaV R15K bound PCA, even up to concentrations as high as 1.5 mM, which is 2000-fold higher than the affinity of WT PcaV for PCA ( Table 2 ). These observations are consistent with our prediction that the guanidinium moiety of Arg15 is essential for binding PCA.
To determine the potential role of PcaV Arg15 in DNA binding, we performed EMSAs with the pcaV-pcaI intergenic region and increasing quantities of either PcaV R15A or PcaV R15K ( Figure 4B ). Interestingly, we discovered that the PcaV R15A mutant could not bind DNA, even at concentrations up to 100-fold higher than the dissociation constant of WT PcaV for O I . In contrast, PcaV R15K did bind DNA in the EMSAs (Figure 4B ), indicating that a cationic residue at position 15 is necessary and sufficient for DNA binding. However, the complex between this protein and DNA did not dissociate even in the presence of 10 mM PCA ( Figure 4C ). The finding that the PcaV R15K-DNA complex is not responsive to PCA is consistent with the ITC analysis ( Figure 4A ). To corroborate the findings of the in vitro analyses, we examined the expression of a pcaV-dependent structural gene (pcaH) in a pcaV null strain in which genes encoding either PcaV R15A or PcaV R15K were ectopically expressed. As expected, we found that the former strain could not repress pcaH transcription, whereas pcaH transcription could not be de-repressed by PCA in the latter ( Figure 4D ). Like PcaV, other MarR family members also have an arginine residue in helix a1 that is critical for DNA binding. For instance, substitution of an arginine residue in helix a1 of MexR with a tryptophan residue ablates DNA binding (58, 59) . However, this is the first time that a single residue, PcaV Arg15, in a MarR family member has been shown to be critical for both ligand and DNA binding.
The mutually exclusive binding of PcaV to PCA and DNA, and the essential role of Arg15 in both of these interactions, calls for attention to the role of this residue in the function of the transcriptional repressor. As is the case for PcaV, many MarR proteins have an arginine in helix a1 that either complexes bound ligand (SlyA Arg14; MTH313 Arg16) and/or defines the orientation of the wHTH domain in the presence of DNA (SlyA Arg14) (55, 56) . We used DALI to identify MarR family members whose structures are most similar to PcaV and conservatively identified structurally analogous arginine residues in $50% of these proteins ( Supplementary  Table S4 ). In nearly all MarR structures bound with an anionic ligand (i.e., salicylate) and in the PcaV-PCA structure, this arginine interacts directly with the ligand. Interestingly, this arginine is also conserved in members of other MarR sub-families that do not bind anionic ligands, including those regulated by oxidation, which may suggest a DNA-binding function. Our studies of PcaV demonstrate the importance of an arginine in helix Reverse transcription PCR analyses of the pcaH gene in WT S. coelicolor, the pcaV null strain and pcaV null strains expressing genes encoding PcaV, PcaV R15A, or PcaV R15K under the control of the constitutive promoter (ermEp*) from pIJ10257. As previously reported, transcription of the pcaH gene is not repressed in the pcaV null strain. This transcriptional defect is suppressed in pcaV null strains over-expressing genes encoding either PcaV or PcaV R15K, but not in a strain producing PcaV R15A. Addition of protocatechuate to the pcaV null strain producing PcaV R15K did not induce transcription of the pcaH gene. The hrdB gene, which encodes a vegetative sigma factor, was used as a control and is constitutively transcribed in all samples. a1 for both ligand and DNA binding. By extension, we anticipate that analogous arginines in other MarR family members play similar roles in ligand and/or DNA binding.
We compared both the salicylate-(PDB 3DEU, unpublished) and DNA-bound structures of SlyA (PDB 3Q5F) (56) to PcaV in an effort to explain why Arg15 is so important for both functions of the transcriptional repressor. In the SlyA-DNA structure, Arg14 interacts with the backbone carbonyl of Gly57 in the wHTH domain through hydrogen bonds. This residue is located in the loop immediately preceding the conserved DNA-binding helix a4. In the structure of the SlyA-salicylate complex, Arg14 is engaged in hydrogen bonds with the carboxylate moiety of the bound ligand (Supplementary Figure S4E ) and the carbonyl of the wHTH residue Ile56. Apparently, ligand-binding changes the backbone interactions of Arg14, which in turn induces a small rotation of the SlyA wHTH domain relative to the dimerization domain that prevents DNA binding. In analogy to Arg14 of the SlyA-ligand complex, Arg15 in PcaV is engaged in hydrogen bonds with the ligand and with the backbone carbonyls of residues of the opposing monomer wHTH domain (Val59 and Gly60; Figure 3C ), favoring an orientation of the wHTH domains incapable of binding DNA. Presumably, Arg15 is engaged in a different set of backbone interactions with the wHTH domain when PcaV is bound to DNA, as is the case for SlyA. These backbone interactions with Arg15 must be critically important because the R15A mutant of PcaV does not bind DNA. Based on our findings, we propose that Arg15 functions as a 'gatekeeper' residue that stabilizes conformations of PcaV that are either permissive or non-permissive for DNA binding in a manner dictated by its interaction with ligand.
CONCLUSIONS
There is growing interest in harnessing bacteria for bioremediation, alternative energy and the production of commodity chemicals which requires a molecular understanding of how these metabolic pathways are regulated. Here, we have shown that PcaV, a transcription factor in the MarR family, is regulated by the lignin-derived compound PCA, which is the aromatic precursor of the metabolic pathway controlled by the pca gene products in S. coelicolor. We also demonstrate that PcaV functions as a transcriptional repressor and interacts strongly with PCA, with a K d of 668 nM, which disrupts its interaction with the pca intergenic region. The structures of the apoand PCA-bound PcaV and detailed structure activity studies with PCA analogs also revealed that PcaV exhibits an unusually high degree of ligand selectivity and is one of few MarR homologues incapable of binding salicylate. Most importantly, we show that Arg15, which is critical for coordinating the PCA ligand, also plays an equally critical role in binding DNA and thus functions as a gatekeeper residue for regulating PcaV transcriptional activity. Because this residue is not only structurally conserved, but also has been observed to coordinate ligands and DNA in multiple MarR homologues, we predict that this arginine plays an analogous role in many members of the MarR family of transcriptional regulators. This work provides novel insights into the molecular mechanism of transcriptional repression of MarR family members and ligand-mediated attenuation of DNA binding.
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